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Finding the right material platform for engineering efficient photonic interfaces to solid state emitters has been a long-
standing bottleneck for scaling up solid state quantum systems. In this work, we demonstrate that nitrogen rich silicon
nitride, with its low auto-fluorescence at visible wavelengths, is a viable quantum photonics platform by showing that
nitrogen vacancy centres embedded in nanodiamonds preserve both their quantum optical and spin properties post-
encapsulation. Given the variety of high-performance photonic components already demonstrated in silicon nitride, our
work opens up a promising avenue for building integrated photonic platforms using solid state emitters.
The ability to isolate and manipulate single atom-like sys-
tems in the solid state has heralded a new age of quantum en-
gineering. Given the increased decoherence that these atom-
like systems exhibit in comparison to real atoms, the primary
motivation for sustained research interest arises mainly from
the prospect of building scalable platforms, with efficient pho-
tonic interfaces using nanofabrication. As the semiconduc-
tor industry has repeatedly shown, integrated chip-scale plat-
forms can vastly exceed the complexity and connectivity of
discrete devices. Building on the progress in silicon photon-
ics, manipulation of quantum states of light in chip-scale plat-
forms have also grown in their scale and complexity in the
last decade1. Adding solid state atom-like systems to these
integrated quantum photonic platforms will help us realise
deterministic single photon generators2 and on-chip quantum
memories3, two crucial components for photonic quantum
technologies.
A variety of candidate atom-like platforms have been pur-
sued for integration with on-chip waveguides. These range
from InAs quantum dots in GaAs waveguides4, colour cen-
tres in diamond and silicon carbide5, 2D materials6, to dye
molecules7 and rare earth ions in glass8. Amongst these plat-
forms the nitrogen vacancy (NV) centre in diamond is unique
in possessing a long-lived (∼ µs) spin coherence that can
be optically manipulated and read-out at room temperature9.
Demonstrations of nuclear spin entanglement to error correct
the NV centre spin10 and entanglement between distant NV
centres11 show the possibility of engineering complex quan-
tum information processing platforms around the NV centre.
These pioneering experiments have relied on monolithic dia-
mond samples with photonic interfaces provided by bulk op-
tics, with limited scope for scalability. To realise the full po-
tential of the NV centre in quantum information processing, it
is apparent that integrating NV centres with on-chip photonic
waveguides and cavities is essential.
Diamond, which serves as the host for NV centres, is noto-
riously difficult to etch on account of its inert, rigid carbon lat-
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tice. While there have been demonstrations of nanophotonic
devices in bulk diamond12,13, using reactive ion etching in an
oxygen plasma, it is difficult to foresee building large scale
quantum circuits using this platform. An alternative approach
relies on using NV centres located in nanodiamonds (size 10-
20 nm) formed by milling bulk diamond. By embedding these
nanodiamonds in high-index (relative to fused silica) dielec-
tric films, it would be possible to realise a photonic waveguid-
ing platform. The dielectric material would need to satisfy the
following criteria for quantum information: 1) low absorption
in the visible wavelength range, 2) low auto-fluorescence to
preserve the NV single photon statistics, 3) preserve the intrin-
sic radiative quantum efficiency, 4) minimise added dephasing
effects on the NV electron spin and 5) use established fabri-
cation procedures for building integrated circuits. Criteria 1-4
are essential for building a quantum photonics platform, while
5 is key for large scale quantum integration (LSQI).
The three most viable dielectric thin film platforms for
building quantum photonic circuits encapsulating NV cen-
tres hosted in nanodiamonds are: titania (TiO2)
14, aluminium
nitride (AlN)15 and silicon nitride (Si3N4). Amongst these,
Si3N4 is the most attractive, given the impressive performance
already achieved in integrated photonics, such as broadband
frequency combs16 and integrated frequency converters17, and
being mature in terms of foundry compatibility18,19. Unfortu-
nately, stoichiometric silicon nitride (Si3N4) has broad auto-
fluorescence around the zero phonon line of the NV centre
(637 nm), which adds background noise and makes it chal-
lenging to observe the quantum signature (antibunching) of
the NV centre single photon emission20. Therefore, for silicon
nitride to be a viable quantum photonics platform compatible
with NV centres, this background auto-fluorescence needs to
be suppressed. In this paper we build on the idea of using non-
stoichiometric films21,22 to minimise this background auto-
fluorescence. In contrast to evanescent coupling approaches,
here we demonstrate that single emitters can be encapsulated
in a high-index dielectric medium (n > 1.9), which allows
us to engineer greater overlap and achieve stronger interac-
tion between the dipole emitter and the waveguide mode. To
the best of our knowledge, this technique has been demon-
strated only with low index contrast platforms, which are not
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FIG. 1. a) Refractive index (n) and absorption coefficient (k) of
αSiNx films (@ λ = 637 nm) with increasing ammonia (NH3) to
silane (SiH4) gas ratios (r) deposited using plasma enhanced chem-
ical vapour deposition (PECVD). Values from Cauchy model fit to
ellipsometry data for the transparent region (λ > 500 nm) b) Inte-
grated photoluminescence (PL) spectrum for the samples in (a) as
a function of gas ratio. Orange and green lines represent the PL of
a stoichiometric Si3N4 film deposited using low pressure chemical
vapour deposition (LPCVD) and background PL measured on a bare
fused silica substrate, respectively. Insets show representative PL
spectra (blue) for αSiNx samples with low (left) and high nitrogen
content (right). Here, the background PL from bare fused silica is
shown in green for reference. Vertical error bars obtained by averag-
ing integrated values for repeat measurements. Horizontal error bars
correspond to uncertainty in the gas flow controller.
suitable for nanophotonics23–25. We show that nitrogen-rich
amorphous silicon nitride films (αSiNx) can serve as a viable
photonic platform for interfacing with NV centres located in
nanodiamonds by demonstrating single photon emission and
single spin coherence in nanodiamonds that are capped with
100 nm of αSiNx. In contrast to probing the film for encapsu-
lated emitters, here, we characterise the optical and spin prop-
erties of the same single NV centre(s) (identified using fidu-
ciary markers) before and after film deposition allowing us to
unambiguously demonstrate that the NV centre survives the
plasma deposition process and that nitrogen-rich αSiNx pro-
vides a quantum photonics platform compatible with single
atom-like systems.
Increasing the nitrogen content of αSiNx films helps reduce
the background photoluminescence (PL) emission21,22. For
technological viability, the key question to address is whether
the background PL can be reduced sufficiently to observe sin-
gle photon emission statistics from an NV centre, encapsu-
lated with αSiNx. In addition, given the prevalence of N
atoms in αSiNx, one needs to measure the spin properties
of the NV centre to ensure that the electron spin coherence
is not significantly reduced after film encapsulation. To study
the effect of αSiNx on encapsulated NV centres, we start by
characterising the background PL emission from αSiNx with
varying nitrogen content. To achieve this, 300 nm amorphous
silicon nitride films (αSiNx) were deposited on fused silica
substrates using plasma enhanced chemical vapour deposition
(PECVD). The αSiNx films were deposited varying the NH3
to SiH4 gas flow ratio R= [NH3]/[SiH4] from 0.6 to 3.0 while
keeping the total gas flow constant as well as the chamber
pressure at 1.0 Torr and the substrate temperature fixed at 300◦
C.
After deposition, the refractive index (n+ ik) of the films
was extracted using ellipsometry, as plotted in Fig 1 (a). As
shown in Fig 1 (a), the refractive index decreases with increas-
ing N content, in good agreement with previous work22. The
refractive index determines the mode area for a guided mode
in the αSiNx film. A higher refractive index allows for tighter
modal confinement and overlap with a dipole (in this case an
NV centre) located in the centre of the waveguide. This en-
sures that a large fraction of the emission is funnelled into
single-mode waveguide. Since the refractive index of the film
is lowered from ∼ 2 to ∼ 1.9 by increasing the N content, this
will result in a slightly lower coupling efficiency.
To measure the background PL spectrum of the different
αSiNx films, we use a standard confocal microscope (see
Supporting Information). In Fig 1 (b), we plot the inte-
grated PL spectra for different films as a function of gas ra-
tio. For reference, the integrated PL spectrum obtained from a
bare fused silica substrate (green) and stoichiometric LPCVD
Si3N4 films on Si (orange) are also shown. Two representative
spectra, corresponding to low and high N content are shown
in the figure inset. As Fig 1 (b) demonstrates, the background
PL emission can be reduced by almost two orders of magni-
tude, whereas the refractive index of the films drops by less
than 5%, making it feasible for αSiNx to be used as a viable
quantum photonics platform.
Rather than blindly probing the encapsulated film, we bor-
row techniques from localisation microscopy27,28 to record
both the optical and spin properties of the same NV centre
before and after nitride film encapsulation. Returning to a pre-
characterised NV centre as opposed to measuring an ensem-
ble of random NVs, we can better understand the effects of
film encapsulation. Localisation also provides unambiguous
proof that the NV centres isolated in nanodiamonds survive
nanofabrication processes, in particular, exposure to plasma
chemical vapour deposition as direct bombardment of NV
centres with ions in sub-micron volumes is known to cause
their destruction29. A representative scan, on a bare fused
silica substrate spin-coated with nanodiamonds, is shown in
Fig 2 (a). To achieve localisation, we use fiduciary mark-
ers (crosses) fabricated using electron-beam lithography (in-
dicated by rectangular boxes) with the spatial coordinates of
the PL registered with respect to the alignment markers. High
purity nanodiamonds are used with low nitrogen content to
ensure a high probability of containing single NVs. To un-
derstand the effect of the αSiNx films on the optical and
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FIG. 2. a) Large area confocal scan of a bare fused silica substrate
coated with nanodiamonds containing NV centres. Pixel colour in-
dicates the strength of the PL signal (cf. colourbar). The large
bright spots, shown with square boxes, correspond to fiduciary mark-
ers (shown in the inset) to identify the positions of the NV centres.
b) Confocal scan of the same area after encapsulation with 100 nm
of low auto-fluorescence silicon nitride. The positions of the mark-
ers and the NV centres are again indicated. A high-resolution scan
around one of the capped NV centres is shown in the inset.
spin properties of the nanodiamonds, we pick four represen-
tative NV centres (A-D, labelled by hexagons in Fig 2(b))
with intensity auto-correlation g(2)(τ) confirming single pho-
ton statistics.
We encapsulate the sample with a low auto-fluorescence
nitride film (r = 3 in Fig 1). The confocal PL map of the
same area for the encapsulated films is shown in Fig 2 (b).
For ease of comparison, the location of the alignment mark-
ers and the four pre-characterised single NV centres (A-D) are
shown. It can be clearly seen, from the four bright spots, that
the NV centre fluorescence is preserved after film encapsula-
tion. The positions of the NV centres are also identical with
respect to the markers pre- and post- film deposition, which
confirms that the nanodiamonds have not been disturbed dur-
ing the process of NV pre-characterisation, moving the sam-
ple from the lab to the cleanroom, film deposition and post-
deposition characterisation back in the lab. A zoomed-in scan
of the emission of NV D after nitride deposition is shown in
the inset. The nitrogen rich silicon nitride films show observ-
able bleaching effects. We do not fully understand the ori-
gin of this, but believe it is due to the presence of unpassi-
vated charge traps in the amorphous nitride matrix, which are
quenched by laser exposure.
To quantify the effects of the nitride film on NV spin and
b i
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c ii
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Fused silica Fused silica
Overgrown silicon nitride
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FIG. 3. Optical characterisation of a representative single NV cen-
tre (NV D in Fig 2) measured i) before and ii) after encapsulation
with a low auto-fluorescence nitride film. b) Intensity autocorrela-
tion (g
(2)
(τ)) measurements showing a g
(2)
(0) < 0.5 preserved. c)
Fluorescence lifetime measurements showing that the fluorescence
lifetime (τ
2
) is reduced by a factor of 3, attributed to radiative rate
enhancement by coupling to slab modes in the encapsulating film.
optical coherence, we study the properties of isolated NV cen-
tres before and after film capping. We start by character-
ising the effect on optical properties. By measuring the in-
tensity autocorrelation split between two detectors, g
(2)
(τ) =
〈I(t)I(t + τ)〉/〈I(t)〉
2
, we can demonstrate that the emission
is antibunched (g
(2)
(0)< 1), corresponding to emission from
a single quantum emitter. The photon statistics, displayed in
Fig 3 (a) are not corrected for dark counts in the detectors.
We fit an uncorrected g
(2)
(0) = 0.22 for NV D measured on
the bare fused silica substrate. Following encapsulation by a
100 nm low auto-fluorescence silicon nitride film (r = 3 in
Fig 1), we repeat the same measurement on NV D and find a
g
(2)
(0) = 0.43 observing anti-bunched emission from the en-
capsulated NV centre. In addition, g
(2)
(0) < 0.5, which is
the threshold for single emitter emission. The g
(2)
(0) has in-
creased post-encapsulation which correlates with the observed
background PL in Fig 2. Although the background fluores-
cence might be lower in other materials such as bulk diamond,
a silicon nitride platform is clearly much closer to existing ma-
ture silicon technologies in terms of complexity, and here sur-
passes the threshold for quantum photonics. Antibunching is
also observed for NV A-C following encapsulation, with un-
corrected g
(2)
(0) =0.52, 0.82 and 0.95 respectively (uncapped
0.17, 0.39, 0.09). NV A and D prove this platform is viable
but we need further statistics to fully characterise the effect
of encapsulation. To build a viable quantum photonics plat-
form in silicon nitride, it is key that single emitters encapsu-
lated in dielectric films can be identified and their emission
statistics quantified. Our result provides a proof-of-principle
demonstration of this idea. Amorphous dielectric films gen-
erally harbour traps and surface states which affect the en-
ergy levels of near-surface NV centres and could affect its
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FIG. 4. Free induction decay of NV D (from Fig 2) (a) before and (b)
after encapsulation with the silicon nitride film. The fitted Rabi de-
cay indicates the NV centre in nanodiamond maintains electron spin
coherence in the nitride-rich silicon nitride environment. The dia-
gram below indicates the laser and microwave pulse sequence used
to carry out this spin coherence measurement.
fluorescence lifetime30. In Fig 3(b), the excited state fluores-
cence lifetime of the emitter located on a bare fused silica sub-
strate is shown. The emission is fit by a bi-exponential func-
tion, I(t) = Aτ1 exp(−t/τ1) + Bτ2 exp(−t/τ2), with a rapid
τ1 = 1.17 ns decay attributed to the background, followed by
the slower NV fluorescence, τ2 = 19.35 ns, characteristic of
NVs in nanodiamonds31. The contribution of the terms is pro-
portional to the bare SNR observed in the confocal data (see
Fig 2). After the NV centre is encapsulated, the contribution
from the τ1 term increases, as expected from the decrease in
SNR. The fluorescence lifetime τ2 decreased by a factor of
3 to τ2 = 6.84 ns. This is expected as the higher refractive
index surrounding the NV centre increases the bare sponta-
neous emission rate by funnelling emission into slab waveg-
uide modes in the film. To confirm this hypothesis, we need to
map the dipole orientation of the NV centre and calculate the
mode overlap with the guided modes supported by the film.
We need to move to cryogenic temperatures below Jahn-Teller
dominated dephasing to fully characterise the optical coher-
ence of the NV centres for spin-photon applications32.
As discussed, what makes the NV centre attractive as a
quantum information platform is its use as a spin-photon
interface via cycling transitions and electron spin dependent
fluorescence. Therefore, it becomes critical to quantify the
effects of the film encapsulation on the electron spin associ-
ated with an individual NV centre. To characterise the spin
coherence, we perform a free induction decay measurement
and extract the spin dephasing time τ∗2 . The pulse sequence
used to measure τ∗2 is shown in Fig 4 (b). The NV centre
located on the bare fused silica has a spin decay of τ∗2 =
0.45 µs , consistent with values reported for nanodiamonds
in the literature with this fast measurement limited to noise
from neighbouring free electrons9. After capping with the
silicon nitride, we can observe coherent Rabi oscillations
and extract a spin decay time of τ∗2 = 0.29 µs. Although τ
∗
2
has decreased, possibly due to unpassivated surface charges
in the silicon nitride, it is still long lived enough to use
dynamical decoupling pulses to refocus this spin and allow
orders of magnitude higher coherences9, a key technique for
quantum memories implemented with NV centres . The Rabi
frequency (Ω) of the NV centre increases by a factor of 1.5
after encapsulation, this is likely due to repositioning the
sample with respect to the RF antenna. We were unable to
measure Rabi oscillations from NV A-C after encapsulation.
On the other hand, NV D proves this platform is compatible
with single spin measurements and we will move forward
to collect statistics on large numbers of encapsulated NV
centres, achievable by positioning nanodiamonds in arrays34.
We have conclusively demonstrated that nitrogen-rich sili-
con nitride serves as a viable quantum photonic platform for
building scalable spin-photon interfaces around NV centres
in nanodiamonds. Our experiments demonstrate that both the
optical and spin properties of an individual NV centre is pre-
served after film encapsulation surpassing the single photon
and single spin threshold. The encapsulated emitter offers a
level of technological capability beyond monolithic NV cen-
tres in diamond, just as the solid state emitter offers to the
trapped atom. Given the variety of high-performance pho-
tonic components already demonstrated in silicon nitride, our
work opens up a promising route to build efficient visible pho-
tonic interfaces between solid state emitters. While we have
focused on the NV centre in diamond, the work can be easily
extended to other quantum photonic platforms under inves-
tigation in the visible regime, including perovskite quantum
dots35 and 2D transition metal dichalcogenides36.
See the Supporting Information for further experimental de-
tails.
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